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Ions accumulated in an rf-only multipole for extended periods of time prior to mass analysis
can experience a significant degree of fragmentation and produce mass spectra which do not
reflect the true nature of the intact analyte(s). This phenomenon, termed multipole storage
assisted dissociation (MSAD), places constraints on the maximum number of ions which can
be accumulated in the multipole storage device as a result of its finite space charge limit. This
phenomenon can be exploited to produce dissociation spectra that are dominated by fragment
ions providing important sequence/structure information. In this work we further explore
MSAD and characterize parameters including accumulation time, source pressure, and the
electrostatic configuration of the multipole storage device, which mediate the phenomenon.
Operating parameters are identified that can either enhance or eliminate the phenomenon.
(J Am Soc Mass Spectrom 2000, 11, 1–9) © 2000 American Society for Mass Spectrometry
Electrospray ionization (ESI) has found wide ac-ceptance in the field of analytical mass spectrom-etry [1, 2]. Because ESI is a gentle ionization
method [3], the technique can produce multiply
charged ions from large molecules with little or no
fragmentation and promote them into the gas phase for
direct analysis by mass spectrometry. ESI sources oper-
ate in a continuous mode with flow rates ranging from
,25 nL/min [4] to 1000 mL/min [5]. The continuous
nature of the ion source is well suited for mass spec-
trometers which employ m/z scanning, such as quadru-
pole and sector instruments, as their coupling consti-
tutes a continuous ion source “feeding” a (nearly)
continuous mass analyzer. Thus the ionization duty
cycle, the fraction of the entire spectral acquisition time
during which the ion beam is being sampled, for such
systems is near unity. Conversely, there are some
fundamental hurdles to be overcome when coupling a
continuous ionization source with a mass analyzer
inherently suited to analyze ions from a pulsed ioniza-
tion source, such as time-of-flight or ion trap mass
spectrometers.
Although attempts have been made to produce
pulsed electrospray devices, the most common solution
to the apparent mismatch between a continuous ion
source and a pulsed-ion mass analyzer is to treat the
continuous ion source as a pulsed ion source. By taking
a narrow “slice” of the continuous ion beam during a
brief ion sampling interval the mass analyzer is period-
ically presented with a pulse of ions. This is generally
accomplished by electrostatically gating the ion beam
into the mass analyzer. During other events of mass
spectral acquisition, the ion beam is not allowed to enter
the mass analyzer and is not analyzed. This mode of
operation can have deleterious effects for on-line sepa-
rations if the eluting analyte peak widths are narrow
in-time compared to the overall spectral acquisition
interval. The ionization duty cycle then is a function of
the time ions are actually sampled divided by the total
time required to acquire a mass spectrum. In the case of
the ESI-TOF platform, spectra can be acquired at a rate
of 10 kHz or more [6–8] and thus, despite the fact that
the ion beam is not truly being analyzed continuously,
the overall ionization duty cycle can approach unity.
Conversely, in a high resolution ESI-FTICR measure-
ment, ions are typically injected into the trapped ion cell
during a #100 ms ion injection event but the total time
required to acquire a single high resolution mass spec-
trum may be well in excess of 10 s, resulting in an
ionization duty cycle of #1% [9–11]. Similar consider-
ations apply to quadrupole ion trap instruments in
which the ionization duty cycle is a function of the ion
accumulation interval and the rate at which ions are
mass selectively ejected and detected. McLuckey and
co-workers demonstrated that an m/z-selective ion ejec-
tion waveform applied concurrent with ion injection
resulted in reduced space charge contribution from low
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molecular weight matrix ions and improved signal-to-
noise when extended ion injection intervals were em-
ployed [12]. Bruce and co-workers [13] demonstrated
that long ion accumulation intervals can be employed in
the trapped ion cell of an FTICR instrument by appli-
cation of quadrupolar axialization concurrent with ion
injection. This technique allows ions to be accumulated
in an m/z selective manner for extended intervals (sec-
onds to minutes) resulting in improved detection limits
for low concentration analytes, improved dynamic
range for mixtures [14], and, despite the slow spectral
acquisition rate, an improved overall ionization duty
cycle.
Recently, Marshall and co-workers demonstrated
that prior to mass analysis by FTICR, electrospray
generated ions can be externally accumulated in an
external ion reservoir comprised of an rf-only multipole
bounded by electrostatic elements [15]. This approach
not only improves the ionization duty cycle to near unit
efficiency, but when combined with gated [16] or “side-
kick” [17] ion trapping, allows more rapid acquisition of
mass spectra than when conventional pulsed valve
assisted accumulated trapping techniques [10] are em-
ployed.
In recent work we demonstrated that under appro-
priate conditions electrospray generated ions can be
effectively dissociated prior to mass analysis by em-
ploying extended accumulation intervals in an external
ion reservoir comprised of an rf-only hexapole and
electrostatic lens elements [18]. As we demonstrate in
this work, multipole storage assisted dissociation
(MSAD) may be exploited to provide sequence/struc-
ture information for biomolecules including proteins
and oligonucleotides. Unfortunately, when analysis of
intact molecular ions is sought, improper choice of
accumulation parameters may place serious limitations
on other aspects of mass spectrometer performance,
such as the “gentleness” of the ESI interface and the
ultimate dynamic range of the spectrometer. In this
work we characterize a number of the key parameters
which mediate the characteristics of the rf-only external
ion reservoir and seek to identify operating regimes in
which MSAD can be either enhanced or completely
eliminated.
Experimental
Reagents
Bovine carbonic anhydrase, insulin a-chain, and ubiq-
uitin were purchased from Sigma Chemical (St. Louis,
MO) and used without additional purification. Acetic
acid, methanol, isopropanol, and tripopylamine were
purchased from Fisher (Los Angeles, CA) and used as
received. Protein solutions for positive ion studies were
prepared in 49:49:2 MeOH:H2O:HOAc; for negative ion
studies oligo 1, a 20-mer phosphorothioate oligonucleo-
tide (59-GCC CAA GCT GGC ATC CGT CA-39) was
synthesized in-house and diluted in a 50:50 isopro-
panol:water buffer containing 0.1% tripropylamine.
Mass Spectrometry
All experiments were performed on a Bruker Daltonics
(Billerica, MA) Apex II 70e electrospray ionization Fou-
rier transform ion cyclotron resonance mass spectrom-
eter employing an actively shielded 7-tesla supercon-
ducting magnet. Ions were formed in a modified
Analytica (Branford, CT) electrospray source employ-
ing an off axis, grounded electrospray probe positioned
;1.5 cm from the metalized terminus of the glass
desolvation capillary which was biased at 4500 V for
negative ions and 23500 V for positive ions. A counter-
current flow of dry gas (N2 for positive ions and O2 for
negative ions) heated to 315 °C was employed to assist
in the desolvation process. Ions were accumulated in an
external ion reservoir comprised of an rf-only hexapole,
a skimmer cone, and an auxiliary gate electrode, prior
to injection into the trapped ion cell where they were
mass analyzed. The 6.2-cm rf-only hexapole is com-
prised of 1-mm-diameter rods and is operated at a
voltage of 380 Vpp at a frequency of 5 MHz. Pressure in
the hexapole region is controlled by throttling the first
stage ESI source rough pump with a Varian (Hayward,
CA) in-line throttle valve. Cold cathode gauges moni-
tored the pressure in the first and second vacuum
regions. Spectra were acquired from the coaddition of
16 transients comprised of 512 k datapoints acquired
over a 22-kHz bandwidth. Time domain signals were
apodized with a half-sine windowing function prior to
a magnitude-mode Fourier transform. All aspects of
pulse sequence control, data acquisition, and post ac-
quisition processing were performed using a Bruker
Daltonics datastation running XMASS software version
4.0 on a Silicon Graphics workstation with an R5000
processor.
Results and Discussion
The rf-Multipole Trap
As described in recent work by Douglas and co-workers
[19], ion traps based on rf-only multipoles bounded by
electrostatic lens elements have been in use for a num-
ber of years as tools to study laser spectroscopy of ions
and to confine ions for a range of mass spectrometry
applications. Directly related to this work is their in-
creasing utility as front-end “ion bottles” in which ions
are accumulated prior to mass analysis providing im-
proved ionization duty cycle and sensitivity. Because
the charge capacity of a linear ion trap increases in
direct proportion to the length of the rf-only multipole
[19], a large number of ions can be stored in a linear
rf-multipole trap compared to a conventional 3D quad-
rupole ion trap. As exploited in the linear ion trap
time-of-flight mass spectrometer [19], ion motion in the
rf-only trap is described mathematically by the Mathieu
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equation [20] and can be manipulated to cause ion
isolation and/or dissociation by superimposing a dipo-
lar rf-waveform on the pseudopotential well which
confines the ions in the x and y dimension. While this
approach is well suited for quadrupole based rf-multi-
poles, co-application of dipolar waveforms to higher
order multipoles is more challenging due to symmetry
constraints and difficulties associated with more com-
plex electronics. Additionally, as described by Haegg
and Szabo [21–23], while higher order multipoles are
suitable for confining and transmitting low-energy ions,
non-linearities associated with their electric fields result
in poor mass resolving capabilities. In this work the
external ion reservoir comprised of a hexapole bounded
by a pair of electrostatic elements is operated in the
rf-only mode at 5 MHz such that the stable range of ion
confinement is between approximately 100 and 5000
m/z.
Ion Accumulation Interval
Under normal acquisition conditions (i.e., those in-
tended to provide an accurate representation of species
in solution and not induce ion dissociation), the requi-
site length of the ion accumulation interval is depen-
dent on a number of factors including the concentration
of the analyte(s), the ionization efficiency of the ana-
lyte(s), and the number of scans to be coadded. With the
experimental configuration employed in this work, ion
accumulation intervals of 50–1000 ms are typically
employed for routine mass analyses. We recently dem-
onstrated that excessive accumulation intervals can
result in fragmentation of small proteins in which low
energy dissociation pathways are favored [18]. For
example, when ubiquitin ions are accumulated for
extended intervals, specific cleavage at proline residues
and on the c-terminal side of Asp residues is observed.
MSAD is also effective for larger proteins. Figure 1a
illustrates a representative ESI-FTICR mass spectrum of
carbonic anhydrase (MW 5 29 kDa) acquired following
a 100-ms ion accumulation interval in the external ion
reservoir. In contrast, Figure 1b depicts the fragment
ions generated in the external ion reservoir as the result
of a 2.5-s ion accumulation interval. The predominant
fragment ions observed at this accumulation interval
are the y75 and y71 ions which correspond to cleavage
between proline and leucine and aspartic acid and
leucine residues, respectively. As demonstrated in Fig-
ure 2, oligonucleotides also can be effectively frag-
mented by MSAD providing a significant degree of
sequence information. The spectra in Figure 2 were
acquired under identical conditions, except different
ion accumulation intervals were employed. At an accu-
mulation interval of 500 ms, the spectrum in Figure 2a
is dominated by molecular ions. In contrast, at an
accumulation interval of 2 s, the spectrum in Figure 2b
is dominated by w- and a-base fragment ions [24],
which provide adequate sequence coverage to unam-
biguously determine the identities of 10 of the 20 bases.
We have employed MSAD on a variety of oligonucleo-
tide samples containing base and sugar modifications
and, under the appropriately optimized conditions, we
have observed significant fragmentation for all of these
species.
Space Charge Effects in the External Ion Reservoir
Although a number of factors determine the degree of
dissociation observed when extended accumulation in-
tervals are employed, it is clear that space charge in the
external ion reservoir is of primary importance. In order
to distinguish between a mode of ion dissociation based
on collisional activation in the hexapole, and one which
is driven by coulombic interactions, we employed a
lab-built micro-electrospray ionization source equipped
Figure 1. ESI-FTMS spectra of human carbonic anhydrase. The
spectrum in (a) was acquired following a 100-ms ion accumulation
interval and is dominated by a series of multiply charged molec-
ular ions; no fragment ions are observed. The spectrum in (b) was
acquired under identical conditions as (a) except a 2.5 s ion
accumulation interval was used. The spectrum is dominated by
y-type fragment ions corresponding to cleavage at Pro186 (y75) and
Asp190 (y71). The inset illustrates the resolved isotope envelope of
the y75(71) fragment; m/Dm of the fragment ions is in excess of
84,000 (FWHM).
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with an external ion shutter for the data shown in
Figure 3. As described in detail elsewhere [25], the
solenoid activated shutter prevents the electrospray
plume from entering the inlet capillary unless triggered
to the “open” position. When in the “closed” position, a
stable electrospray plume is maintained between the
ESI emitter and the face of the shutter. During normal
operation, an elastomeric insert on the back face of the
shutter blade forms a vacuum seal to the capillary inlet
such that the gas load to the inlet is reduced when the
shutter is in the closed position. For this work, the
elastomeric seal was removed and the shutter blade was
positioned to maintain a 1 mm gap between the shutter
blade and the capillary inlet when in the closed posi-
tion. With this configuration, the pressure in the ESI
source did not change when the shutter was toggled
between the open and closed position. When the shutter
is triggered, a “time slice” of ions is allowed to enter the
inlet capillary and is subsequently accumulated in the
external ion reservoir. The rapid response time of the
ion shutter (,25 ms) allows reproducible, user defined
intervals during which ions can be injected into and
accumulated in the hexapole. Following injection into
the hexapole, ions can be stored for extended intervals
prior to being transferred to the trapped ion cell for
mass analysis. This arrangement allows independent
characterization of ion behavior in the external ion
reservoir as a function of storage time and ion number.
Figure 2. ESI-FTICR spectra of oligo 1, a 20-mer phosphorothio-
ate oligonucleotide, acquired by externally accumulating ions in
an rf-only hexapole (see text) prior to mass analysis by FTICR. The
spectrum in (a) was acquired following a 500-ms external ion
accumulation event and is dominated by intact molecular ion
whereas the spectrum in (b) was acquired following a 2000 ms
external ion accumulation event and is dominated by fragment
ions consistent with a-base and w ions.
Figure 3. Effect of ion storage interval and ion accumulation
interval on MSAD of 17 mM oligo 1 employing a m-ESI source
equipped with a mechanical shutter (see text). The spectra in (a)
were acquired with a fixed 500-ms ion accumulation interval
followed by increasing storage times in the external ion reservoir.
The spectra in (b) were acquired under identical conditions as (a)
except the shutter was triggered to the “open” position for
increasing intervals allowing a larger ion population to be accu-
mulated in the external ion reservoir. The sum of the ion accumu-
lation interval and post-accumulation storage interval are the
same for the bottom spectra in (a) and (b). Extensive MSAD is
observed when extended ion accumulation intervals are employed
but not when short ion accumulation intervals are employed, even
if followed by extended ion storage intervals.
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The spectra shown in Figure 3a illustrate ESI-FTICR
spectra of oligo 1 acquired following a 500-ms ion
shutter interval with a range of hexapole storage times
prior to ion transfer and detection. These spectra dem-
onstrate that ions can be stored in the external ion
reservoir for extended intervals without significant de-
terioration due to CAD; in other work we demonstrate
that both oligonucleotide and peptide ions can be
stored in the external ion reservoir in excess of 30 min
utilizing this configuration [25]. In contrast, the spectra
shown in Figure 3b were acquired with increasing
ion-shutter intervals under otherwise identical condi-
tions (i.e., the sum of the ion injection interval and the
ion storage interval are the same for the bottom spectra
shown in Figure 3a,b). These spectra exhibit a signifi-
cant degree of MSAD at longer ion-shutter intervals
consistent with a charge mediated dissociation mecha-
nism. The only difference between the conditions under
which the spectra in Figure 3a were acquired and the
conditions under which the spectra in Figure 3b were
acquired is the ion injection interval employed. The
total experiment times, solution conditions, external ion
reservoir configurations, and electrospray parameters
are identical between the two data sets. The contrast
between the complete lack of dissociation observed for
the 500-ms ion-shutter event (Figure 3a), even when
extended ion storage intervals are employed, and the
extensive MSAD observed with longer ion-shutter
events (Figure 3b) is consistent with our hypothesis that
MSAD is influenced by the total charge and/or charge
density in the external ion reservoir.
In addition to the duration of the accumulation
interval, the concentration of the analyte being ionized
has a direct impact on the onset of dissociation. Figure
4 illustrates that the onset of dissociation, defined here
as the time at which the primary fragment ion abun-
dance is equal to the molecular ion signal, is inversely
related to the analyte concentration. For example, the
onset time for dissociation of a 20-mM solution of oligo
1 is 2 s, while a 1-mM solution does not begin to
undergo dissociation until a 12-s accumulation interval
is employed. In order to further probe the effect of space
charge on the onset of dissociation, MSAD of oligo 1 was
studied as a function of total concentration of analytes
by characterizing two series of solutions, one containing
a range of concentrations of oligo 1 and the other
containing 3 mM oligo 1 and 0, 3, 6, 9, and 12 mM of
insulin a-chain. As shown in Figure 4, it appears to be
the total analyte concentration which dictates the onset
of MSAD. For example, the dissociation onset times for
the solutions containing a total analyte concentration of
15 mM are equivalent regardless of whether the solution
contains 15 mM oligo 1 or 3 mM oligo 1 and 12 mM insulin
a-chain. Consistent with previous observations that
peptides are generally more refractory to dissociation
via CAD or IRMPD than oligonucleotides [26], signifi-
cant fragmentation of insulin a-chain is not observed
under these conditions. These observations have con-
siderable ramifications for the analysis of an analyte
solution containing significant amounts of contami-
nants and/or ionizable buffering agents. These obser-
vations suggest that it is important to minimize, or
eliminate, space charge contributions from species out-
side the molecular weight range of interest if the analyte
is present at low concentration. In addition to minimiz-
ing adverse effects of low mass contaminants using
conventional solution phase sample clean up methods,
MSAD might be further minimized by manipulating
the characteristics of the reservoir to discriminate
against low mass contaminants. For example, operating
the rf-only multipole at a low frequency in which low
m/z contaminants are not retained should enhance the
“useful” space charge limit of the external reservoir and
allow a larger number of analyte ions to be accumulated
before the onset of dissociation. While this low-fre-
quency mode of operation should be relatively straight-
forward to implement with the hardware used here,
other schemes for operating in an m/z selective mode,
such as operating the multipole with positive and
negative dc components on every other rod [27], would
likely require more extensive modification.
Electrostatic Reservoir Configuration
In addition to the number of ions injected into the
external ion reservoir, it is clear that the electrostatic
characteristics of the reservoir can be manipulated to
control the charge capacity of the reservoir and thus
influence the onset of dissociation. For example, when a
relatively low potential is applied to the gate electrode
during the ion accumulation event, the space charge
capacity of the reservoir can be significantly reduced.
Figure 5a illustrates MSAD fragmentation curves for a
6-mM solution of bovine ubiquitin employing a fixed
3.5-s accumulation interval and a range of gate elec-
Figure 4. The onset of MSAD (see text) as a function of total
concentration. The filled diamonds correspond to a series of
solutions containing oligo 1 at various concentrations. The filled
triangles correspond to a series of solutions containing 3 mM oligo
1 and 0, 3, 6, 9, and 12 mM insulin a-chain. The similarity between
the onset of dissociation for the oligo 1 series and the oligo
1/insulin series suggest that it is the total space charge in the ion
reservoir that dictates MSAD.
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trode potentials while the skimmer cone potential is
fixed at 9 V. At low gate electrode potentials, which
create a shallow electrostatic potential well, very little
signal is observed consistent with a limited number of
ions in the reservoir. As the depth of the potential well
is increased with the increasing gate electrode potential,
the spectrum is dominated by molecular ions with gate
electrode potentials in the 2–8 V range. When higher
gate electrode potentials are employed, the spectrum is
dominated by fragment ions; the fragment ion compo-
sition is invariant when potentials above 15 V are
employed as the effective depth of the potential well is
governed by the 9-V skimmer cone potential.
Analogous results are obtained when the gate elec-
trode potential is fixed and a range of skimmer poten-
tials are employed. Figure 5b illustrates the MSAD
fragmentation profiles obtained by fixing the gate elec-
trode potential at 15 V and employing a range of
skimmer cone potentials. In this series of spectra the
capillary exit-skimmer cone potential difference was
maintained at 268 by concurrently changing the capil-
lary exit potential with the skimmer cone potential,
thereby eliminating dissociation due to nozzle-skimmer
effects at increasing skimmer cone voltages.
Pressure Effects
The pressure of the collision gas in the external ion
reservoir is another key parameter which offers some
control over the MSAD phenomenon and can signifi-
cantly influence the characteristics of the electrospray
source. The spectra of oligo 1 shown in Figure 6a were
acquired from a 17-mM solution with a 2-s ion accumu-
lation interval using a “gentle” capillary-skimmer po-
tential at increasing source pressures. At low source
pressures, no fragmentation of oligo 1 is observed, but as
the source pressure is increased fragmentation is ob-
served due to MSAD. Alternatively, under capillary-
skimmer dissociation conditions [28] with relatively
short ion accumulation intervals, increasing the pres-
sure in the hexapole has the opposite effect and results
in a more gentle interface. In Figure 6b, the spectra of
oligo 1 were acquired with a 500-ms ion accumulation
interval and a large capillary-skimmer voltage differ-
ence. At low source pressures, the harshness of the large
capillary-skimmer voltage difference induces a signifi-
cant degree of dissociation. As evidenced by the lack of
fragment ions observed for the spectra acquired at
higher source pressures, this dissociation is substan-
tially attenuated at increasing source pressures under
otherwise identical conditions. As the pressure in the
hexapole is throttled to the 3.5 3 1025 mbar regime
modest charge shifting is observed as are tripropyl-
amine adducts, consistent with a gentle source. In
contrast, the spectrum in Figure 6b acquired with the
hexapole at 8.0 3 1026 mbar exhibits a significant num-
ber of fragment ions and, in addition to the absence of
tripropyl amine adducts, the (M-4H1)42 charge state
exhibits multiple neutral base losses consistent with a
harsh source. The transition between low pressure
capillary-skimmer dissociation and high pressure
MSAD is further evident in Figure 6c. As in Figure 6a,
the spectrum acquired with a long ion accumulation
interval in a high pressure reservoir (open squares)
exhibits a significant degree of dissociation and is
dominated by the fragments corresponding to the (a5-
base)22 and (a6-base)
22 species. Similarly, as in Figure
6b, the spectrum acquired with a harsh capillary-skim-
mer voltage difference at low pressure (open triangles)
Figure 5. Effect of the depth of the potential well in the external
ion reservoir on MSAD. (a) MSAD fragmentation curves for a
6-mM solution of bovine ubiquitin employing a fixed 3.5-s accu-
mulation interval, a fixed skimmer cone voltage of 9 V, and a
range of gate electrode potentials. The molecular ion dominates at
gate electrode potentials between 2 and 8 V. At higher gate
electrode potentials, fragment ions dominate. (b) MSAD fragmen-
tation curves for a 6-mM solution of bovine ubiquitin employing a
fixed 3.5-s accumulation interval, a fixed gate electrode potential
of 15 V, and a range of skimmer cone potentials. The capillary
exit-skimmer cone potential difference was maintained at 268 V
by concurrently changing the capillary exit potential with the
skimmer cone potential. Fragment ions are observed starting at a
skimmer potential of 8 V.
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is dominated by singly charged species corresponding
to the w3, w3-H2O, a3-base, and a4 fragments. For
comparison, the analogous data set acquired with a
“gentle” capillary skimmer-voltage difference and a
short ion accumulation interval is shown in Figure 6d.
No significant dissociation is observed at any of the
source pressures employed. The short accumulation
event produces an ion ensemble below the threshold of
MSAD onset, even in the high pressure reservoir (filled
squares) while the gentle capillary-skimmer potential
difference is insufficient to cause capillary-skimmer
dissociation, even at low pressure (filled triangles).
Clearly the effect of pressure in the source region is
a dichotomy. Increasing the pressure in the hexapole
ion reservoir results in a direct decrease in the mean
free path of the confined ions resulting in more colli-
sions with background neutrals per unit time and more
efficient collisional focusing. Thus, ions formed with
gentle capillary-skimmer interface but stored in the ion
reservoir for extended intervals at 3.5 3 1025 mbar will
undergo ;6.5 times more collisions than ions stored in
the ion reservoir at 5.4 3 1026 mbar. Conversely, in-
creased pressure in the capillary-skimmer interface re-
gion creates a viscous flow region which prevents ions
from experiencing the full accelerating potential of the
capillary exit voltage and prevents them from undergo-
ing high energy collisions and subsequent dissociation
in the interface. While the increased pressure in the
capillary-skimmer region provides a stabilizing effect as
part of the desolvation process, the elevated pressure in
the ion reservoir provides an increase in the number of
ion-neutral collisions as the number of collisions expe-
Figure 6. Effect of source pressure on MSAD and capillary-skimmer dissociation. ESI-FTICR mass
spectra of oligo 1 acquired employing (a) a “gentle” capillary exit potential of 254 V and an external
ion accumulation interval of 2 s, (b) a “harsh” capillary exit potential of 2128 V and an external ion
accumulation interval of 500 ms, (c) a “harsh” capillary exit potential with a 2-s ion accumulation
interval, and (d) a “gentle” capillary exit potential with a 500-ms ion accumulation interval. MSAD is
observed with long accumulation intervals and high source pressure (open squares) and capillary-
skimmer dissociation is observed employing harsh capillary exit voltages and low source pressure
(open triangles). Note the lack of capillary-skimmer dissociation at low capillary exit voltages (filled
triangles) and the lack of MSAD with short ion accumulation intervals (filled squares) (see text).
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rienced is dependent on both the pressure in the reser-
voir and the time during which ions are confined in the
reservoir.
Is MSAD a Form of CAD?
In an attempt to understand the mechanism underlying
MSAD, several key observations must be considered.
First, as demonstrated by the data in Figure 3, it is clear
that merely confining a small ion ensemble for extended
intervals in the external ion reservoir does not directly
result in collisionally activated dissociation. As will be
described in detail elsewhere [25], intact macromolecu-
lar ions and noncovalent complexes can be confined in
the external ion reservoir in excess of 30 min without
undergoing fragmentation. Thus, whereas the rf-multi-
pole has the potential to “heat” ions, it is not a signifi-
cant concern at modest ion number. Second, as demon-
strated by the data in Figure 5, the degree of MSAD can
be largely controlled by the depth (and thus the charge
capacity) of the external ion reservoir. Creating a rela-
tively shallow potential well reduces, or eliminates,
MSAD whereas a deeper potential well can be highly
conducive to effecting MSAD. Additionally, as demon-
strated by the data in Figure 4, the onset time of MSAD
is inversely related to the analyte concentration and
concomitantly to the number of analyte ions entering
the reservoir per unit time. These observations (and the
time dependent onset described previously [18]) sug-
gest that there is a critical space-charge limit associated
with the external ion reservoir. We postulate that once
the space-charge limit of the reservoir is exceeded, the
ion ensemble expands because of coulombic repulsion.
As the volume of the ion ensemble grows, the ions are
subject to higher amplitude oscillations, and thus
higher energy collisions with background neutrals; the
net result is collisionally activated dissociation over a
broad m/z range. This hypothesis is consistent with the
data in Figure 6a, which demonstrates increased MSAD
at increasing reservoir pressure. Thus, it may be reason-
able to consider MSAD as a form of CAD in which ion
kinetic energy, and thus ion-neutral collision energy,
increases as a result of coulombic-repulsive forces
brought about by the confinement of a high density ion
ensemble in a finite, electrostatically bounded space.
Finally, the fact that MSAD is broadly applicable to
anions and cations of proteins, peptides, and oligonu-
cleotides, and produces fragment ions consistent with
previously reported CAD fragmentation pathways,
suggests that energetic collisions with background neu-
trals is at the heart of the MSAD phenomenon. In future
work we intend to model the effects of space charge on
an ion ensemble confined in an rf-only multipole and
seek to identify alternative electrostatic configurations
for confinement which enable greater control of the
MSAD phenomenon.
Conclusions
In this work a number of parameters which influence
the onset and efficiency of MSAD have been evaluated.
MSAD studies on proteins and a 20-mer phosphoro-
thioate oligonucleotide have been conducted in which
electrospray generated ions were accumulated under
various conditions in an external ion reservoir com-
prised of an rf-only hexapole bounded by two electro-
static lens elements prior to detection by FTICR. While
space charge in the external ion reservoir is perhaps the
most significant factor which influences the phenome-
non, it is clear that MSAD can be controlled by a
number of parameters including the depth of the elec-
trostatic well, the pressure in the external ion reservoir,
and the ion accumulation interval. These studies dem-
onstrate that MSAD is enhanced when large ion popu-
lations are generated (i.e., high analyte concentrations),
when deep potential wells are employed which allow
large numbers of ions to be accumulated, when long
accumulation intervals are employed, and when the
external ion reservoir is operated in the ;5 3 1025
mbar pressure regime. Thus, for studies in which mo-
lecular ions are intended to be characterized as intact
species, one should employ relatively short accumula-
tion intervals in a low pressure (i.e., below 1 3 1025
mbarr) ion reservoir defined by a shallow potential well
in addition to employing a “gentle” capillary-skimmer
potential difference. The observations presented in this
work suggest that ion behavior in the external ion
reservoir is influenced by a number of inter-related
factors including, but not limited to, pressure, electro-
static well configuration, and ion number. It is hypoth-
esized that MSAD results from the expansion of the ion
ensemble because of coulombic repulsion; as a result of
the expansion, ions are subject to higher amplitude
oscillations and thus undergo higher energy collisions
with background neutrals resulting in collisional acti-
vated dissociation over a broad m/z range.
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